Cystic fibrosis transmembrane conductance regulator (CFTR) is a chloride channel protein, and mutations of its gene cause cystic fibrosis. CFTR is known to be expressed in epithelial cells of the respiratory, digestive and reproductive tracts. It is also present in rat neurons and heart ganglion cells. In humans, it is expressed in the hypothalamus, but has not been identified in other parts of the human nervous system. In this study, immunohistochemistry, double-staining immunofluorescence, in situ hybridization, nested reverse transcription-PCR and relative quantification of real-time PCR analysis were performed on spinal and sympathetic ganglia from seven human autopsies with no known nervous system disease. CFTR protein was expressed in most ganglion cells with no obvious difference in the amounts of mRNA transcript in ganglia of different sites. We conclude that CFTR protein and its mRNA were extensively expressed at relatively constant levels in human spinal and sympathetic ganglion cells, and may be important in physiological and pathological conditions. Moreover, CFTR in ganglia may be associated with pathophysiological changes seen in cystic fibrosis.
Mutations of cystic fibrosis transmembrane conductance regulator (CFTR) gene is the cause of cystic fibrosis (CF), which is the most common autosomal recessive genetic disorder in Caucasian population, with an occurrence of 1 in 2000 live births. It affects a number of organs and is characterized by progressive bronchiectatic lung disease, pancreatic insufficiency, chronic sinusitis and infertility in men. 1, 2 In addition, electronic abnormalities of peripheral nerve 3 and derangement of autonomic responses [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] were detected in patients with CF, indicating that the peripheral ganglia may be involved in the pathophysiological changes of CF.
Cystic fibrosis transmembrane conductance regulator is known to be present in mucous membrane and glandular epithelium of the respiratory, digestive and reproductive tracts. [14] [15] [16] As an adenosine 3 0 :5 0 cyclic monophosphate-dependent chloride channel, this protein creates an efflux channel in the cell membrane, allowing chloride, anions such as glutathione to cross. 17 It is also involved in acidifying organelles and regulating membrane vesicle transport and confluence. [18] [19] [20] [21] [22] [23] In addition to expression in epithelial cells, CFTR is also found in neurons of rat brain and human hypothalamus. 24, 25 However, the functional significance of CFTR in nonepithelial cells remains unknown.
As CFTR has been found in epithelial and nonepithelial cells, and in view of the abnormalities of peripheral nervous system of CF noted above, we hypothesized that CFTR may be present in human ganglion cells and attempted to verify this hypothesis with qualitative and quantitative methods.
MATERIALS AND METHODS Human Spinal and Sympathetic Ganglia
Bilateral C 1 (first cervical vertebrae) to C 3 (third cervical vertebrae) spinal ganglia, stellate ganglion, T 2 to T 10 sympathetic ganglia, celiac ganglia and inferior mesenteric ganglia were obtained from seven human subjects without known disease of the nervous system at autopsy. In each case appropriate consent for autopsy was obtained. General states of these seven human subjects are shown in Table 1 . C 1 to C 3 spinal ganglia, spindle-shaped bulges, are located in the posterior spinal root near the confluence of the anterior root, and lie along the vertebral column by the spine. The sympathetic trunk travels downward from the skull, lateral to the vertebral bodies. It consists of ganglia and sympathetic fibers between them. Based on their locations, ganglia in sympathetic trunk are divided into three different groups: the cervical, thoracic and lumbar ganglia. 26 The cervical ganglia consist of the superior, the middle and the inferior cervical ganglia from top to bottom. The middle cervical ganglia were not obtained in three of these seven subjects. The inferior cervical ganglion was fused with the first thoracic ganglion forming the stellate ganglion in all the subjects. It was located at the level of C 7 (seventh cervical vertebrae), anterior to the transverse process of C 7 , posterior to the neck of the first rib and below the subclavian artery. The postganglionic fibers from stellate ganglion innervate the lung and the heart. The stellate ganglion of cervical group and T 2 (2nd thoracic vertebrae) to T 10 (10th thoracic vertebrae) ganglia of thoracic group in both sides were taken.
Celiac ganglia and inferior mesenteric ganglia belong to the sympathetic ganglia and connect with the sympathetic trunk. Celiac ganglia were two large irregularly shaped masses of nerve tissue in the upper abdomen, and they innervate most of the digestive tract. They were placed on either side of the midline in front of the crura of the diaphragm, close to the adrenal glands, and the right celiac ganglion was placed behind the inferior vena cava. The inferior mesenteric ganglion was located near where the inferior mesenteric artery branches from the abdominal aorta.
Stomach and ileum samples, known for CFTR expression, were also taken as the positive control. 14 After dissection, ganglia from one side were immediately snap-frozen in liquid nitrogen and then stored at À801C, and the corresponding counterlateral ganglia were fixed in 4% paraformaldehyde and embedded in paraffin.
Immunohistochemistry Immunohistochemistry (IHC) was performed on consecutive paraffin-embedded tissue sections to demonstrate CFTR protein expression in human ganglia. After deparaffinization in xylene and rehydrating in gradient ethanols, sections were incubated in 70% ammonia-ethanol at room temperature for 30 min to remove formalin deposition. After being washed in 0.01 M phosphate-buffered saline (PBS), sections were heated in sodium citrate buffer (pH 6.0) at 961C for 15 min to retrieve antigen, 27 and then cooled to room temperature. Hydrogen peroxide (3%) incubation for 30 min at room temperature was used to block the endogenous peroxidase activity and then sections were washed with 0.01 M PBS for 2 min. Primary mouse anti-human monoclonal antibodies to neurofilament (NF, 1:100; Dako, Copenhagen, Denmark) and CFTR (directed against the second nucleotide-binding domain near the C terminus) (1:100; Lab Vision, Fremont, CA, USA), polyclonal goat anti-human antibody to CFTR (directed against the 20 peptides near the N terminus) (1:100; Santa Cruz, Santa Cruz, CA, USA) were used to identify ganglion cells and CFTR-positive cells, respectively. Horseradish-peroxidase-conjugated anti-mouse/rabbit IgG (PV9000 immunohistochemistry kit; Zymed Laboratories, San Francisco, CA, USA) and horseradish-peroxidaseconjugated anti-goat IgG (1:1000; Jackson, West Grove, PA, USA) were used as the secondary antibody. 3-Amino-9-ethylcarbazole (AEC) or 3,3 0 -diaminobenzidine (DAB) was used for coloration. Mucous layer of stomach was used as the positive control where the epithelial cells are known to contain CFTR. PBS substituting primary antibodies was used as the negative control.
The antigen neutralization technique was used to verify antibody specificity to CFTR. 28 Graduated amounts of CFTR protein (a peptide fragment near the N terminus) (20 mg/ml; Santa Cruz) were incubated with the CFTR antibody solution (dilution 1:100) and the solution mixtures were added to the slides. The specificity of the antibody and immunostaining can be established if the positive immunostaining decreases as the protein antigen concentration increases, leading to eventual disappearance of the positive immunostaining on the slides.
A destain and restain technique 29 was also used to confirm CFTR location and distribution. After coloration of CFTR antigen, photos were taken, then the sections were heated at 961C in sodium citrate buffer (pH 6.0) for 10 min again to discolor and get rid of antigen-antibody complex. Then the new primary antibody to NF, specific for neurons, was added After mounting with glycerol/PBS (9:1), slides were observed with a BX51 microscopic (Olympus, Shinjuku, Tokyo, Japan).
RNA Extraction and Nested RT-PCR
Nested reverse transcription (RT)-PCR was used to assay CFTR mRNA expression in human ganglia. Mucous layer of ileum was used as a positive control. The total RNA was isolated from frozen ganglion and ileum mucosa tissues using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. According to CFTR mRNA sequence from GenBank (accession no. NM_000492.), one specific primer (5 0 -CAGGAAACCAAGTCCACAG-3 0 ) was designed for RT, and two pairs of specific primers (external:
were amplified as an endogenous reference. The final amplifying segment of CFTR was 328 bp long and spanned two introns of CFTR gene. Five micrograms of total RNA extracted from tissues was reverse transcribed with random primer or specific primer using SuperScript III Reverse Transcriptase (Invitrogen) according to the manufacturer's instructions. The reaction was performed at 551C for 60 min. Nested PCR was carried out with HotStart Taq DNA Polymerase (GenStar Biosolutions, Beijing, China). The first amplification of nested PCR with the external primers began with incubation at 951C for 5 min, proceeded for 40 cycles at 941C for 1 min, 521C for 30 s and 721C for 30 s. The final cycle was followed by an extension of 10 min at 721C. The second amplification with the internal primers was performed in an identical manner to the first amplification but at a different annealing temperature of 541C.
Relative Quantification of Real-Time PCR
To check the levels of CFTR transcripts in ganglion cells, relative quantification of real-time PCR (qPCR) was performed in triplicates with SYBR Premix Ex Taq (TaKaRa, Dalian, China) containing SYBR Green I, TaKaRa Ex Taq, dNTP mixture and Mg 2 þ . Primers for CFTR amplification/ quantification were the same as the external primers used for nested RT-PCR. Human neurofilament medium peptide (NF-M) was amplified and quantified with primers (designed according to human NF-M mRNA, NM_005382.2): sense, 5 0 -TATGCACCAGGCCGAAGAGT-3 0 ; antisense, 5 0 -GGAGCT TCCACCTTGGGTTT-3 0 . b-Actin was used for normalization. The reaction mixture contained 25 ml of 2 Â SYBR Premix Ex Taq, 1 ml of forward and reverse primers (10 mM), 18 ml of di-ionized water. Real-time PCR reaction master mix was dispensed in appropriate volumes into each well of a PCR plate and finally 5 ml of cDNA was added as a PCR template to the individual PCR wells containing the master mix for a total reaction volume of 50 ml. Blank controls with the template omitted were used. Real-time PCR was performed using the ABI PRISM 7500 Real-Time PCR system (Applied Biosystems, Foster City, CA, USA), using the following protocol: a denaturation cycle (951C for 10 s); amplification and quantification cycles repeated 40 times (951C for 5 s, 551C for 20 s, 721C for 34 s with a single fluorescence measurement) and a dissociation stage.
Sequence Analysis and cRNA Probe Preparation
To analyze the sequence and generate the cRNA probe for in situ hybridization (ISH), DNA bands of 328 bp of second amplification of nested PCR were excised from 2% agarose gels and purified with Universal DNA purification kit (Tiangen Biotech, Beijing, China), and then subcloned into the pGM-T vector containing SalI and NcoI fragment sites. The vector was used to transfect the XLl-Blue Escherichia coli to amplify. The E. coli were grown on Luria broth agar plates containing ampicillin (100 mg/ml) and X-gal (80 mg/ml). Then the plasmid was collected from positive colonies obtained through blue-white selection, and purified with a Plasmid Mini Kit I (Omega Bio-Tek, Norcross, GA, USA) according to the manufacturer's protocol and the sequence was analyzed. NcoI restriction enzyme was used to linearize the plasmid, and T7 RNA polymerase was used to transcribe the cRNA probe in vitro. Then the cRNA probe was labeled with Digoxigenin RNA Labeling Mix (Roche Molecular Biochemicals, Mannheim, Germany).
In Situ Hybridization
In situ hybridization was performed to detect CFTR mRNA in human ganglia with the specific CFTR probes prepared as described above. Sections used were consecutive to the ones CFTR expression in human ganglia N Niu et al used in IHC. Diethyl pyrocarbonate-treated water was used to prepare all solutions used before hybridization incubation. Briefly, after deparaffinization and rehydration, sections were heated at 961C in sodium citrate buffer (pH 6.0) for 15 min with microwave 27 and then incubated with hybridization cocktail containing digoxigenin-labeled CFTR probe at 451C for 20 h. Then the sections were washed in 2 Â SSC containing 50% formamide one time for 15 min, 2 Â SSC two times for 15 min each. After blocking with normal horse serum at room temperature for 60 min, sections were incubated with Anti-digoxigenin-AP (1:500; Roche Diagnostics, Mannheim, Germany) for 1 h, and colorized with nitroblue tetrazolium/5-bromo-4-choloro-3-indolyl phosphate (NBT/BCIP) (Promega Corp., Madison, WI, USA), showing a purple or amethyst signal. Methyl green was used as the counterstain. Stomach mucous layer was used as the positive control. An unrelated probe of similar nucleotide content and length was used as the negative control.
Statistical Analysis
Immunohistochemistry sections of C 1 spinal ganglia, stellate ganglia, T 5 sympathetic ganglia, celiac ganglia and inferior mesenteric ganglia were selected as representatives for statistical analysis. Five random fields of each tissue section stained for CFTR by IHC were photographed under a light microscope at Â 400 magnification (BX51; Olympus). Total NF-and CFTR-positive ganglion cells were counted and CFTR-positive ratios (number of CFTR-positive cells/ number of NF-positive cells) were calculated for each ganglion. The average of these positive ratios was also calculated for all sampled ganglia in each subject.
RESULTS

Morphology of Ganglia
All cell types evaluated in this study were based on morphology with H&E staining and immunostaining. Ganglia from all sampled locations were similar in histological structure, consisting of ganglion cells, satellite cells, nerve fibers and connective tissue. Ganglion cells were round or spindle shaped with abundant cytoplasm, a sharply defined nucleus, and many had a large nucleolus. Numbers of spinal ganglion cells (Figure 1a) per square millimeter were much greater than that of sympathetic ganglia (Figure 1b) . On NFimmunostained sections, ganglion cells and their dendrites were clearly demonstrated (Figure 1j, n and q) . The longest diameter of ganglion cell bodies ranged from 20 to 60 mm with fewer dendrites than neurons in central nervous system. In any one ganglion, ganglion cells differed in size, and this variation was much more obvious in spinal ganglia. Cells in celiac ganglia were larger than those in the other ganglia of a given patient. Ganglion cells were surrounded by satellite cells that were intermingled with nerve fibers. The density of nerve fibers in spinal ganglia was less than that in sympathetic ganglia.
Expression and Distribution of CFTR in Human Spinal
and Sympathetic Ganglia by IHC Positive CFTR immunoreactivity was found in both human spinal and sympathetic ganglion cells. The specificity of CFTR antibody was confirmed by the antigen neutralization technique and the results are shown in Figure 1e -g. In the negative control, in which primary antibodies were substituted by PBS, no positive signal was found (Figure 1i and  m) . Consecutive sections immunostained with NF and CFTR antibodies showed that ganglion cells, but not other cell types, were CFTR positive (Figure 1i-k and m-o) . In general, ganglion cell CFTR staining included strongly positive clumpy focal membranous stain and multifocal grain-like diffusely distributed cytoplasmic reactivity that was slightly less intense than the membranous stain. Satellite cells, identified by morphology, were uniformly negative. In stomach mucosa, used as the positive control, CFTR was distributed mainly in the apical cytoplasm of glandular epithelial cells, and the positive signals in fundic glands were much stronger than those in surface mucosa cells (Figure 1c ).
Co-expression and Co-distribution of NF and CFTR by Destain and Restain Technique and Double-Staining Immunofluorescence
The destain and restain technique using CFTR and NF antibodies was employed to determine whether CFTR-positive cells were ganglion cells. Co-expression of NF and CFTR and their distribution were further confirmed with double-staining immunofluorescence ( Figure 2 ). All CFTR cells were also positive for NF. The CFTR-positive signals were distributed in the cytoplasm and membrane of ganglion cells, identical to that shown with IHC. The dendrites of these CFTR-positive cells were negative. There was no cross-reactivity between the immunostaining of the first and the second antigens.
Numbers of CFTR-Positive Cells in Human Spinal and Sympathetic Ganglia
Numbers of positive cells and ratios of CFTR-containing ganglion cells among all spinal and sympathetic ganglia were calculated as described in the Materials and methods. Results are shown in Table 2 . Most ganglion cells were CFTR positive with an average positive ratio of 90.6% for the seven patients.
Qualitative and Quantitative Analyses of CFTR mRNA in Human Spinal and Sympathetic Ganglion Cells
The amplified products of nested RT-PCR were analyzed with agarose gel electrophoresis. Product analysis of human spinal and sympathetic ganglia and ileal mucosa from one patient are shown in Figure 3 . From the total RNA extracted from human spinal and sympathetic ganglia, a final product of 328bp was amplified for all seven subjects. CFTR expression in human ganglia N Niu et al mRNA transcript levels of CFTR and NF-M in ganglia from different sites were analyzed by relative qPCR. In general, amounts of NF-M were constant in each ganglion, but were much higher than that of CFTR (Po0.05). Although the CFTR mRNA levels in stellate ganglia were slightly higher than those in the ganglia of other sites, this difference was not statistically significant.
CFTR mRNA Detection in Human Spinal and Sympathetic Ganglia by ISH
In situ hybridization was performed on sections consecutive to those used for IHC. Positive ISH signals were found in cytoplasm of ganglion cells, and these signals were stronger toward the cell membrane as compared with other areas of cytoplasm (Figure 1l, p, s and t) . These ISH-positive cells were identical to those positive for IHC. No ISH-positive signal for CFTR mRNA was detected in satellite cells. In stomach mucosa, used as the positive control, the CFTRpositive signals were distributed mainly in the cytoplasm (Figure 1d ) with a pattern similar to that seen in IHC (Figure 1c ). In the negative control, no positive signal was found (Figure 1h) .
DISCUSSION
This is the first report of CFTR expression in human spinal and sympathetic ganglion cells, and this work is a part of our The overall average positive ratio of CFTR expression of all samples is 90.6% (1334/1473).
CFTR expression in human ganglia N Niu et al ongoing research wherein we also just reported the presence of CFTR in ganglion cells of rat hearts. 30 This finding is likely to have significance for the study of CF and in understanding the function of this important protein.
Cystic fibrosis transmembrane conductance regulator protein was detected in the cytoplasm and plasma membrane of most (490%) human spinal and sympathetic ganglion cells. We are currently studying CFTR expression in neurons of human spinal cord and brain. CFTR appears to be abundant in these sites as well. The presence of CFTR is indeed very widespread, if not ubiquitous, in ganglia and neurons.
In this study, CFTR co-expression with NF was confirmed by the destain and restain technique and double-staining immunofluorescence. CFTR mRNA was detected in the cytoplasm of the same ganglion cells that were CFTR protein positive. Positive CFTR antigen signals were distributed in the cytoplasm and were stronger near the cell membrane. Distribution of positive signals of ISH was very similar to those of IHC. Membrane expression in ganglion cells suggests that CFTR protein may have a channel function in these cells similar to that established for other cell types. In particular, the expression site was in concordance with its 'channel' function in epithelial cells.
Cystic fibrosis transmembrane conductance regulator mRNA was amplified with nested RT-PCR and quantified with relative qPCR. Its presence showed no significant difference among ganglia of different sites indicating that CFTR was relatively constantly expressed in these ganglion cells.
With negative and positive controls and the antigen neutralization test, the specificity of our qualitative and quantitative results has been well established. The abundant presence and relatively constant expression in human spinal and sympathetic ganglion cells indicate that CFTR may be basic and important to the normal function of these cells.
Cystic fibrosis transmembrane conductance regulator expression and function in epithelial cells have been studied extensively. As a chloride channel, CFTR takes part in maintaining cell volume and normal function by regulating salt transport, ion concentrations and fluid flow. 31, 32 It is distributed in subcellular organelles and critical for membrane recycling involved in endo-and exocytosis. 20, 33 Mutation of CFTR in ganglion cells may result in cellular dysfunction that manifests as abnormalities of peripheral nervous system of CF as well.
CFTR Expression in Spinal Ganglion Cells and Peripheral
Nerve Dysfunction of Patients with CF Subclinical peripheral nerve dysfunction was reported in patients with CF. 3 In comparison with normal controls, electrical abnormalities in somatic sensory and motor nerves were detected in 15 (62%) of 24 patients with CF; sensory conduction velocity decreased 29% in the median nerve and 25% in the sural nerve; the compound muscle action potential in the peroneal nerve was low in 17%; the sensory nerve action potential was low in 17% of the sural nerve. 3 In the present study we detected CFTR in spinal ganglion cells, and subsequent studies may shed more light on possible involvement of CFTR in electrical dysfunction of somatic sensory nerves in CF patients.
CFTR Expression in Autonomic Ganglion Cells and Autonomic Derangements of Patients with CF
Based on various neurotransmitters, the autonomic nerve fibers arising from sympathetic ganglion cells or parasympathetic ganglion cells are divided classically into a-adrenergic, b-adrenergic, cholinergic and peptidergic nervous fibers. Some of the neurotransmitters and neuromodulators are colocalized. These nerves work together to stabilize the internal environment of the organism and to regulate various functions. Dysfunction of ganglion cells may affect multiple organs and result in functional changes. Autonomic derangement in patients with CF has been noted for many years. 4 The autonomic a-adrenergic responses were found abnormal in patients with CF. The pupil, a nonglandular autonomically innervated site, was investigated and the level and rate of papillary dilation response to darkness and painful stimuli was found decreased in patients with CF compared to age-matched healthy controls or patients with other chronic illnesses, suggesting a possible dysfunction of autonomic nervous system in CF patients. 5, 6 Moreover, to exogenous a-adrenergic stimuli, the pupil of patients with CF dilated more sensitively than healthy controls, suggesting an Figure 3 Agarose gel electrophoresis of nested RT-PCR amplification of mRNA extracted from human spinal and sympathetic ganglia. A light band of the predicted product of 328 bp was observed in the spinal ganglion, stellate ganglion, celiac ganglion and inferior mesenteric ganglion from the same patient. The molecular weight was the same as that of the positive control. As a negative control, DEPC-treated water in place of RNA was used as the template and no resultant band was visible.
CFTR expression in human ganglia N Niu et al exaggerated a-adrenergic sensitivity that is significantly related to the severity of CF. 11 It is evident that obligate heterozygotes (phenotypically normal parents of patients with CF) are more a-adrenergic sensitive than healthy controls and less than those of CF patients significantly. 11 Cardiovascular responses in CF patients were aberrant as well. Cardiac arrest, profound electrocardiogram changes, premature atrial and ventricular contractions, and supraventricular tachycardia were detected in CF patients without aberrant conduction, suggesting intracardiac autonomic imbalances. 7, 8 The blood pressure in patients with CF was found significantly lower than age-matched healthy controls. 9 Responses of the blood pressure 9 and the pulse 10 to postural changes were much insensitive in CF. The cardiovascular system of patients with CF responses less sensitively to the b-adrenergic agonist than normal controls.
11
Cholinergic responses are exaggerated in patients with CF. Sibinga and Barbero 12 observed that night sweating volume and rate increased in afebrile children with CF much more than normal controls. It is frequent that the saliva of CF patients is nepheloid. This phenomenon can be induced in normal children by administration of cholinomimetics, and ganglion blockade can induce secretion of nonturbid saliva by children with CF, indicating that autonomic ganglion is involved in abnormality of exocrine in CF. 13 Pupillary constriction response in darkness to carbamylcholine is more sensitive in CF patients than normal controls, and the obligate heterozygotes displayed mean sensitivity to the papillary constriction of carbamylcholine intermediate between the normal controls and the CF patients. 11 The pathogenesis of autonomic aberrations in CF is complicated. It may be partially related to diabetes mellitus, hepatic nodularity, vitamin deficiencies and autoimmunology in CF. 34 Abnormalities in autonomic nervous system discussed above were not significantly correlated with atopy, pancreatic insufficiency or drug administration with CF, and it is interesting to note that the adrenergic and cholinergic responses are mildly abnormal in asymptomatic obligate heterozygotes. 11, 35, 36 In this study, CFTR, the causative gene was found being expressed abundantly in human ganglion cells and this may help to understand the pathophysiological derangements in autonomic nervous system and abnormal exocrine function in CF. In addition to metabolic, nutritional and immunological factors, 34 CFTR dysfunction in ganglion cells may be involved in this disease.
In conclusion, our study demonstrated extensive and constant expression of CFTR in human spinal and sympathetic ganglia. This wide distribution in ganglia suggests that this protein may be important in maintaining normal structures and physiological functions of ganglion cells. Moreover, it may contribute to the pathogenesis and pathophysiological changes in autonomic nerve system of CF. Our findings call for further investigation of the functional and pathological significance of this molecule in the spinal and sympathetic ganglion cells in human.
